Short single-stranded DNA fragments carrying a GCGAAAGC sequence were found to move unexpectedly faster than other fragments of the same length in electrophoresis on a polyacrylamide gel containing a denaturing agent. The fragments were noted to have a stable structure even in 7M urea solution, but the stability cannot be explained simply on the basis of base pair formation alone. Physical characterization of the GCGAAAGC fragment indicated that it takes a hairpin-like structure in spite of the short chain length with only two G-C base pairs, comprised of GCG and AAAGC subsegments, each possessing a helical configuration independent of the others. Some biological implications of this unusual structure are discussed.
INTRODUCTION
The higher-ordered structure of double-stranded DNA (dsDNA) has been well studied in solution and crystal form to determine the behavior of various proteins which are capable of recognizing a certain local region of DNA. It is of particular interest that a certain dsDNA containing repeated oligo(dA).oligo(dT) tracts has a bending structure, causing its movement in gel electrophoresis to be slower than ordinary dsDNA with a random sequence, due to the short end-to-end distance of the bent DNA (1) (2) (3) (4) (5) (6) (7) . Further, the DNA bending structure, induced by a DNA-binding protein, has been found to be related to the initiation of DNA replication and transcription (8 -10) .
Recently we found that a single-stranded DNA (ssDNA) fragment (21mer; CTGAAAACCCTGGCGAAAGCT) was noted to move faster than would be expected from its chain length in polyacrylamide gel electrophoresis (11) . The minimal sequence responsible for this unusual speed was found to be the 8mer sequence, GCGAAAGC, by a comparison of the mobility in gel electrophoresis of various fragments differing in chain length. For example, the fragment, GCGAAAGC (8mer), showed higher mobility than the corresponding 7mer, CGAAAGC, on 20% polyacrylamide gel containing 7M urea. Based on physical characterization of short DNA fragments, the extraordinarily stable hairpin-like structure of the GCGAAAGC fragment is discussed in the present paper.
MATERIALS AND METHODS
Chemical synthesis of DNA fragments DNA fragments were synthesized according to the phosphite-triester method using a DNA synthesizer, Applied Biosystems model 381A. Deprotection of these fragments was carried out as described by McLaughlin and Piel (12) . Final purification was performed by high performance liquid chromatography on a reversed phase C-18 column (M&S Pack C18, 4.6mmIDXl5cm) for all oligomers.
P-Labeling of DNA fragments and their polyacrylamide gel-electrophoresis
Synthetic oligomers were labeled either at their 5'-terminals with [7- 32 P] ATP (Amersham) using T4-polynucleotide kinase (Boehringer) (13) . Each sample was directly electrophoresed on 20% polyacrylamide gel containing 7M urea, 0.08M Tris-phosphate and 0.002M EDTA (14) .
Measurement of hypochromicity
Hypochromicity Was estimated as the absorbance difference monitored at 260nm between the native oligonucleotide and the component mononucleotides obtained from the complete degradation of each fragment (1 A 2 6oU/ml) with nuclease PI (lmg/ml)(Yamasa) in 0.02M ammonium acetate (pH 5.7) at 37°C for 3h. Circular dichroic (CD) spectra of the fragments The CD spectra were measured using a lmm cell in 20mM Tris-HCl (pH 7.5) and 0.1M NaCl at a sample concentration of 1. lmM per base, and a J-500A Spectropolarimeter (Japan Spectroscopic Co.). Thermal denaturation analysis of the fragments Purified oligonucleotides (0.0117mM, approximately 1 A 260 U/ml, each) were dissolved in 50mM sodium cacodylate and 0.1M NaCl (pH 7.0) and absorbance at 260 nm was measured by a Gilford spectrophotometer, Response n at a heating rate of 0.5°C/min. Tm values were calculated by first derivatives of the melting curves, and then calculated automatically by the program incorporated in the instrument.
The Tm of the GCGAAAGCT fragment at high fragment concentration was measured at 260nm with a 0.5mm pass-length cell using a Jovin-Yvon circular dichroic spectrograph which was modified for an UV spectrophotometer by Wada et al. (15) .
Two-dimensional 'H NMR spectroscopy
Purified oligomer, GCGAAAGC, was dissolved in D 2 O solution (lOmM phosphate buffer and 0.15M NaCl, pD 7.0) and then subjected to the measurements of double-quantum filtered correlation spectroscopy (DQF -COSY) and two-dimensional nuclear Overhauser effect spectroscopy (NOESY). All 2D NMR spectra were obtained on a Bruker AM^HX) spectrometer at 25°C. The 2D spectra were obtained with quadrature detection in both dimensions using a time-proportional phase incrementation in the t| dimension. In each 2D NMR experiment, a total of 512 ti values were obtained, using 2048 data points along t 2 in each case. Prior to conducting a Fourier transformation, zero filling along t, was used to increase the number of data points to as many as 2048 and an appropriate window function was applied along t, and t 2 . For the same sample, DQF-COSY and NOESY with different mixing times (Tm= 100, 300 and 500ms) were carried out.
Imino-proton signals of the GCGAAAGC fragment in H 2 O/D 2 O (90/10). Buffer condition is the same as that used in Fig. 4a . Digestion analysis with T4 DNA polymerase 32 P-labeled oligomers were treated with T4 DNA polymerase (0.5 and 1 unit, Takara Shuzo Co.) in 50mM Tris-HCl (pH 8.0), lOmM MgCl 2 and lOmM 2-mercaptoethanol for 30min at 37°C. Then the treated oligomers were directly analyzed by electrophoresis on 20% polyacrylamide gel containing 7M urea. Fig. 1 shows the electrophoretic patterns of a series of DNA fragments from the 5mer to lOmer. The faster mobility was noted to occur between the 8mer, CGAAAGCT, and 9mer, GCGAAAGCT, indicating the 5'-terminal G of the 9mer to be a critical residue. Hypochromicity also decreased suddenly between the 8mer and 9mer, and thus the 9mer and lOmer may possibly have more compact forms than the 7mer or 8mer (see Fig. 1  legend) . The 3'-terminal T residue was confirmed to be unrelated to these findings and base analysis of the segments indicated their primary structures to be normal. The minimal sequence showing the faster mobility was thus concluded to be the 8mer, consisting of GCGAAAGC.
RESULTS AND DISCUSSION
This unusual behavior of short ssDNA fragments in gel electrophoresis has not been reported so far and the gel-electrophoretic mobility rule of ssDNA fragments correlated to base composition fails to provide an explanation (16) . Consequently, a detailed examination was made of the conformational anomaly of the abnormal 8mer, GCGAAAGC, by spectroscopic techniques.
First, measurements were made of the CD spectra of the 7mer (GAAAGCT), 8mer (CGAAAGCT), 9mer (GCGAAAGCT) and lOmer (GGCGAAAGCT) (Fig. 2a) as well as those at various temperatures for the 9mer (Fig. 2b) , the 8mer (Fig. 2c) and a complementary strand of the 9mer (termed the c9mer, AGCTTTCGC) (Fig. 2d) . Fig. 2a indicates a gap between the spectral intensities of the 8mer and 9mers. The complementary 9mer (c9mer) showed a normal temperature-dependent decrease in intensity (Fig. 2d) , while the intensities of the 9mer and 8mer appeared somewhat strange. The CD spectra of the 8mer scarcely changed with increase in temperature (Fig. 2c) and those of the 9mer decreased more rapidly above 60°C (Fig. 2b) , showing the reverse tendency for its complementary strand.
When the CD spectra of the ssDNA fragments were calculated from their base composition according to the method of Cantor et al. (17) , only the spectra thus obtained for the c9mer roughly coincided with those obtained by direct measurement. The calculated spectra of the 8mer and 9mer were too large and too small, respectively, compared to the measured values. It is thus apparent that the c9mer has a normal single-stranded stacked structure, while the 8mer, a rather unstacked structure, and the 9mer, a rather rigid structure possibly stacked very tightly.
The rigid structure of the 9mer was confirmed from the melting profiles of the ssDNA fragments. In Fig. 3 , the 9mer and c9mer have cooperative melting profiles and their melting (Fig. 2a) at 29"C and temperature dependence of the CD spectra] patterns of the GCGAAAGCT (Fig. 2b) , CGAAAGCT (Fig. 2c) , and AGCTTTCGC fragments (Rg. 2d). Temperature (°C)
Fq>. 3 Absorbance thermal dcnaturation analysis of oligo-nucleotkies: GCGAAAGCT (9mer), CGAAAGCT (8mer), and AGCTTTCGC (c9mer) in 50mM sodium cacodylate and 0.1M NaCl (pH 7.0) (Fig. 3a) and in the same solution plus 7M urea (Fig. 3b) .
points are 82°C and 49.5°C, respectively. The 8mer, however, showed a gradually increasing melting profile curve with no transition point. These findings are in agreement with the temperature-dependent CD spectra shown in Fig. 2b-d . In the presence of 7M urea, the same concentration used for gel electrophoresis, even the c9mer ceased to exhibit a transition while that for the 9mer was clearly evident with a Tm of 57°C (Fig. 3b) . It thus follows that the structure of the 9mer, GCGAAAGCT, is quite stable. The Tm (57°C) of GCGAAAGCT at a 24-fold fragment concentration (0.284mM) was the same as that at 0.0117mM in 0.1M NaCl containing 7M urea. Thus, no concentration dependence of the transition suggests that the stable structure is formed by intramolecular interactions, but it is not formed by intermolecular interactions such as those in double-helical aggregates. This was also observed for the abnormal 8mer, GCGAAAGC, whose Tm was found to be 76.5°C under normal conditions (50mM sodium cacodylate -0.1M NaCl, pH 7.0). Even following the addition of 7M urea, the Tm of the abnormal 8mer was maintained at 53°C.
Next the abnormal 8mer was examined by 400 MHz 'H NMR to determine its actual structure. All sugar protons of HI', H2', H2", H3\ and H4' within the same residue were assigned from DQF-COSY experimental data. The H2' and H2" protons were well classified by the DQF-COSY spectrum in the region of H1'-H27H2" and H3'-H2'/H2" counter plots. Each sugar puckering conformation was identified as a C2' endo pucker, but one residue (later assigned to the 3' terminal cytidine) had fluctuated into a C3' endo pucker. The NOESY spectrum with a 100ms mixing time showed connectivity between an H8 or H6 ring proton and an H2' sugar proton within the same residue. Thus, a residue specific assignment was made for each nucleoside. Each nucleoside residue is considered to take an anti-conformation for the glycosidic linkage. From NOESY analysis with a 300msec mixing time, which indicated the cross-peaks of the aromatic protons to interact with H2' and H2" (Fig. 4a) , NOE connectivity to either the GCG or the AAAGC moiety in this fragment showed a reasonably helical pattern, but no NOE between G3 and A4 could be clearly observed. On the basis of the assignments made, base stacking between G3 and A4 may be considered to be broken. If this is actually the case, the GCGAAAGC fragment should have a kink between the only two helical subsegments of the GCG and AAAGC sequences. This would indicate the discontinuous stacking structure to be consistent with the lesser hypochromicity of the GCGAAAGCT fragment compared to that of the CGAAAGCT fragment. The abnormal 8mer may possibly have a stable hairpin-like structure involving two terminal G-C base pairings (Fig. 4b) . In order to check the basepair formation, we have tried to obtain imino-proton signals. At 25°C no signal was observed while at lower temperature (5°C), at least two signals were observed at 12.87 and 13.02ppm (data not shown). These signals were assignable to the imino-protons of guanosine residues involved in the base-pair formation (18) (19) (20) (21) . The high mobility of (Fig.  4a) . 5mM DNA was added to the E^O buffer consisting of 150mM NaCl and lOmM phosphate buffer (pD 7.0) at 25°C. Possible hairpin-like structure of the GCGAAAGC sequence, showing the point at which breaking of the base stacking occurs (Fig. 4b) .
the GCGAAAGCT fragment in gel electrophoresis may be due to its compactly folded structure.
To confirm the formation of two G-C base pairings at both terminals of the GCGAAAGC fragment (Fig. 4b) , we treated some DNA fragments with T4 DNA polymerase, which has 3'-5' exonuclease activity for single-stranded DNA and for dsDNA fragment with 3' protruding, cohesive termini, without 2'-deoxyribonucleoside 5'-phosphates, but scarcely has such activity for dsDNA fragment with blunt end termini (22, 23) . As shown in Fig. 5 , the GCGAAAGC fragment, treated with T4 DNA polymerase, was not digested, but the CGAAAGC and GCAAAAGC fragments, which show normal mobility in polyacrylamide-gel electrophoresis, were digested. Therefore, the GCGAAAGC fragment has double-strand moiety with two terminal G-C base pairings or blocks at 3'-termini of the fragment due to other reasons. Furthermore, the existence of the terminal G-C base pairs is supported by the finding that a fragment of longer chain length, synthesized so as to have a greater number of G-C pairs at both terminals, had a Tm value exceeding that of the abnormal 8mer. For the GCGCGAAAGCGC fragment, the Tm value was 91.0°C under normal conditions and 72.5°C in a 7M urea solution. However, the extraordinary stability of the fragments would not be explainable on the basis of the terminal G-C pairs alone. As their imino-proton spectra are observed only at a low temperature (5°C), the terminal G -C pairs may not be essential to stabilize the structure. We think that the GCGAAAGC sequence tend to form a single-stranded bent structure or another hydrogen bond may be formed (24) .
The unique tertiary structures discussed above may possibly perform various functions in actual DNA strands. The GCGAAAGC sequence is present at the replication origin of the G4 phage ssDNA (25) , suggesting that a DNA binding protein such as primase (26) recognizes the specific stable structure of the GCGAAAGC sequence. Furthermore, the sequence exists in several kinds of ribosomal RNA genes (27) , and thus possibly, an oligoribonucleotide (RNA) having this sequence may take on the same stable structure and contribute to stabilization of ribosomal RNA as well as a specific region of ssDNA. Recently, a paper appeared on a stable ssRNA segment (CUUCGG)(28), but it was entirely different from the present one.
Should this sequence actually be present in a part of DNA, the base sequence would not be read correctly in gel electrophoresis. There is thus the possibility that the sequence has not been detected in data already published. Some other short specific sequences in ssDNA, apart from the GCGAAAGC sequence, may be contributing factors giving rise to the unusually stable structure.
